A fluorescence correlation spectroscopy experiment that combines two-photon excitation and a standingwave interference pattern is presented. The experimental correlation function can be analyzed using a simple expression involving (1) an exponential decay with time constant f , which reflects diffusion across the interference fringes, and (2) a longer-lived decay with time constant , which reflects diffusion in and out of the focal spot. The diffusion of Rhodamine 110 in water and ethylene glycol is measured using this method. The ability to simultaneously measure diffusion on two different time and lengthscales makes this experiment especially useful in environments where anomalous diffusion is suspected.
The study of molecular dynamics in biological media has benefited from the development of advanced fluorescence microscopy techniques. While singleparticle tracking can provide very high spatial resolution with millisecond time resolution [1] [2] [3] [4] , fluorescence correlation spectroscopy (FCS) is useful for the study of more rapid molecular diffusion, although its spatial resolution is constrained by the diffraction-limited focal spot size [5] [6] [7] [8] . FCS can be used to study dynamics in live cells, where twophoton excitation has several advantages, including its inherent three-dimensional localization and the minimization of photodamage in the sample [9, 10] . In all cases, analysis of single-beam FCS data also requires knowledge of the spatial shape of the focus, which determines the shape of the correlation function. By using a two-beam interference pattern, the correlation decays have a simpler exponential form that depends only on the wavelength of the exciting light [11] [12] [13] [14] [15] [16] , but usually at the cost of lower spatial resolution. In this Letter, we demonstrate a new experiment, two-photon standing-wave FCS (2PSWFCS), which uses counterpropagating femtosecond laser pulses to generate a standing-wave excitation pattern within the focus [17] [18] [19] . The 2PSWFCS provides both the single-beam FCS data as well as the interferometric FCS decay, permitting the simultaneous measurement of fast (microseconds or less) diffusive motions occurring on two separate lengthscales: the interference fringe width and the focal spot diameter. This capability may be especially useful when applied to biological systems, where anomalous (lengthscale-dependent) diffusion is often observed.
The experimental setup (Fig. 1a) consists of a Ti:sapphire laser system (Spectra-Physics) followed by a prism compressor to generate ϳ100 fs, 800 nm pulses (Ͻ20 mW at the sample). An interferometer is built around an inverted microscope (Olympus IX-70), and each beam of the interferometer is focused through one of two 40ϫ 0.66 NA microscope objectives aligned 180°to each other. The low NA provides the large Rayleigh range needed to allow multiple fringes within the focal volume, which permits the easy interpretation of the FCS data as outlined below. The beams are spatially and temporally overlapped in the sample, creating a standing wave [20, 21] . Fluorescence is collected by the bottom microscope objective, directed through a dichroic mirror, and split into two photon-counting photomultiplier tubes (PMTs) (Hamamatsu). Two hot mirrors and a BG28 filter are used to eliminate the infrared background. The cross-correlation signal from the pair of PMTs allows us to avoid the detector noise spike typical of autocorrelated data acquired using one PMT. The sample holder is created using two microscope coverslips separated by 0.6 mm diameter glass micropipets held in place by vacuum grease. The sample [30 l of Rhodamine 110 (R110) ͑10 nM͒ in water or ethylene glycol (EG)] is transferred onto a coverslip, and a second coverslip is pressed into position. Photon counts are collected by an FCS data acquisition card (ISS Inc.) and are processed using ISS VISTA software in the photon mode.
The theory for 2PSWFCS is similar to that of twophoton standing-wave photobleaching [20, 21] . The 2PFCS cross-correlation is given by
where F is the fluorescence intensity, is a defined delay time, I is the laser intensity profile, and C is the concentration. If the fluctuations in concentration are due to random diffusion in an infinite medium, then the fluctuation correlation function is given by ͗␦C͑x,y,z,0͒␦C͑xЈ,yЈ,zЈ,͒͘
where D is the diffusion coefficient and ͗C͘ is the mean concentration of fluorophores. Assuming Gaussian profiles for the axial ͑z͒ and radial (x and y) components of the excitation profile [22] , then the excitation profile for the two-photon standing wave is given as
where ␣ is a constant that accounts for the detection efficiency, quantum yield, and absorption cross section, 0 is the beam waist radius, z 0 is approximately equal to the Rayleigh range, and k is the z-component of the wave vector, given by 2n / where n is the index of refraction of the medium and is the wavelength. The complete solution of Eq. (1) using Eqs. (2) and (3) leads to nine terms, which makes analysis of the data very cumbersome. To make the data analysis tractable, we use relatively low-NA lenses that result in a large Rayleigh range, with z 0 = 2.5 m. This allows us to make some simplifying assumptions. First, during the experiment, diffusion across the Rayleigh range is much slower than diffusion between the fringes, and if Dt z 0 2 , then six of the nine terms mentioned above can be neglected. From numerical analysis, this condition will be satisfied if the number of interference fringes at the focus, defined as 2nz 0 / , is of the order of 5 or larger, which can be achieved experimentally by using low-NA objectives that increase the Rayleigh range, and thus the number of fringes within the focal volume. Second, Müller et al. have shown that as z 0 increases, the threedimensional Gaussian cross-correlation function approaches that of the two-dimensional Gaussian [23] . This condition is also fulfilled in our experimental setup, and using these two approximations, the resulting normalized cross-correlation function is
where V eff = ͑ /2͒ 3/2 0 2 z 0 is the effective excitation volume (3.1 fl in our experiment) [10] . Equation (4) has three time-dependent terms. One is the nonexponential, two-dimensional Gaussian, two-photon crosscorrelation function observed in a standard twophoton FCS experiment. The second term is an exponential decay with a 1 / e time of f . The third term makes a relatively small ͑ϳ3%͒ contribution to the total signal and is neglected in our analysis of the data.
To demonstrate 2PSWFCS, we studied 10 nM R110 in water or ethylene glycol. We focus upon the water data first. Ten scans of 2 ϫ 10 7 photon counts were accumulated. The standard plots of the crosscorrelation function versus log͑͒ for both the standing-wave (two-beam) and standard (one-beam) FCS experiments are shown in Fig. 1b . For comparison, both curves are normalized to a G͑͒ value of 1 at 4 ϫ 10 −5 s. The two-beam scan has an obvious fast component that corresponds to the diffusion of R110 across the interference fringes and is absent in the one-beam scan. The long-time components in the scans, corresponding to diffusion into and out of the excitation volume, completely overlap. A linear plot of the fast component in Fig. 2a shows that it has the exponential decay predicted by Eq. (4). Both decays can be analyzed to obtain values for the diffusion coefficient D. Using Eq. (5a), with = 800 nm, and n = 1.33 (water), the measured f = 7.1± 0.7ϫ 10 −6 s leads to D = 323± 30 m 2 s −1 . Independent measurements of the focal spot, using single-beam FCS measurements of the R110 diffusion, yield 0 = 0.64 m. Using this value, along with = 1.70± 0.06ϫ 10 −4 s, Eq. (5b) yields a second value for D = 301.4 ± 11.3 m 2 s −1 . Both results agree with literature values to within the error [7] . A comparison of the characteristic times for these processes, assuming the same diffusion constant for both lengthscales, shows that for our experimental conditions f is ϳ24 times faster than . Under these conditions, the and f decays reflect three-dimensional diffusion lengths of 554 and 120 nm, respectively.
To confirm the robustness of the 2PSWFCS experiment, we studied the diffusion of R110 in EG, where the molecular diffusion data are 16± 2 times slower than those acquired in water. Figure 2b , like the water data displayed in Fig. 2a, shows [24] . The ratio of the EG: H 2 O viscosities (13.6:0.89) is in agreement with the ratio of the diffusion coefficients between the two solutions. These values for and f correspond to threedimensional displacements of 564 and 118 nm, respectively (n = 1.44 in EG), in excellent agreement with the water data.
In 2PSWFCS, the signal has two components. Equation (4) predicts that the f component will be 16/18 of the component, but in practice this ratio can be less because the two-beam component is highly sensitive to the alignment of the standing wave. In Fig. 2a , the two-beam contribution to G͑0͒ is 1.95, while that of the single-beam data is 1.05. This corresponds to a f component that is 86% of the component, which is very close to the theoretical value. In contrast, the EG data in Fig. 2b show a f contribution that is only 25% greater than the contribution. This deviation from Eq. (4) may result from imperfect alignment, inhomogeneous index matching, or aberrations [25] . Such factors do not affect the fringe spacing and therefore do not change the relationship between f and D, although they can affect the observed G͑0͒. Thus even with imperfect alignment and imperfect knowledge of the focal geometry, one can still reliably fit the cross-correlation curve and obtain the diffusion coefficient but not necessarily the absolute chromophore concentration.
The 2PSWFCS experiment combines the advantages of single-beam and interferometric FCS in a new approach for measuring molecular diffusion on two independent lengthscales. This sensitivity to multiple lengthscales, along with the insensitivity of the f decay to the details of the laser beam profile, should make this a useful method to explore localized diffusion dynamics in biological systems.
